Chromatin modifications at core histones including acetylation, methylation, phosphorylation and ubiquitination play an important role in diverse biological processes. Acetylation of specific lysine residues within the N terminus tails of core histones is arguably the most studied histone modification; however, its precise roles in different cellular processes and how it is disrupted in human diseases remain poorly understood. In the last decade, a number of histone acetyltransferases (HATs) enzymes responsible for histone acetylation, has been identified and functional studies have begun to unravel their biological functions. The activity of many HATs is dependent on HAT complexes, the multiprotein assemblies that contain one HAT catalytic subunit, adapter proteins, several other molecules of unknown function and a large protein called TRansformation/tRanscription domain-Associated Protein (TRRAP). As a common component of many HAT complexes, TRRAP appears to be responsible for the recruitment of these complexes to chromatin during transcription, replication and DNA repair. Recent studies have shed new light on the role of TRRAP in HAT complexes as well as mechanisms by which it mediates diverse cellular processes. Thus, TRRAP appears to be responsible for a concerted and context-dependent recruitment of HATs and coordination of distinct chromatin-based processes, suggesting that its deregulation may contribute to diseases. In this review, we summarize recent developments in our understanding of the function of TRRAP and TRRAP-containing HAT complexes in normal cellular processes and speculate on the mechanism underlying abnormal events that may lead to human diseases such as cancer.
Introduction
Histone acetyltransferase (HAT) enzymes are typically found in large multisubunit complexes, which contain one catalytic subunit and many additional components. With the exception of HAT catalytic subunit, functions of HAT complex components remain largely enigmatic. The TRRAP (TRansformation/tRanscription domainAssociated Protein) and its yeast homolog Tra1, remarkably large proteins with homology to the phosphatidyl-inositol-3-kinase (PI3K) family members are common components of many HAT complexes in yeast and mammalian cells (Grant et al., 1998; Vassilev et al., 1998; Allard et al., 1999; Brand et al., 1999; Ikura et al., 2000; Pray-Grant et al., 2002; Sterner et al., 2002) . TRRAP was originally identified in the Michael Cole's laboratory as an interacting partner of c-Myc , and subsequent studies showed that several other transcription factors including E2F and nuclear receptors interact with TRRAP Lang et al., 2001; Yanagisawa et al., 2002; Fan et al., 2004) . Interestingly, TRRAP/Tra1 appears to be the only component through which HAT complexes (either histone H3 acetylating complexes or those with preference for histone H4) contact transcription activators (Brown et al., 2001; Bhaumik et al., 2004) . The evidence that simultaneous enrichment of TRRAP, transcription factors and HATs at chromatin is associated with promoter-specific chromatin hyperacetylation Bouchard et al., 2001; Frank et al., 2001; Herceg et al., 2003; Li et al., 2004; Taubert et al., 2004) led to the suggestion that TRRAP functions to recruit HAT complexes to transcription factors bound to their target promoters in chromatin. TRRAP was found as a target of the adenovirus E1A oncoprotein and to be important for oncogenic transformation mediated by viral oncoproteins Deleu et al., 2001; Lang et al., 2001; Lang and Hearing, 2003) . We have recently shown that Trrap is involved in the repair of DNA double-strand breaks (DSBs) , indicating that the function of TRRAP and TRRAP-mediated histone acetylation is not limited to transcriptional control, but likely extents to all chromatin-based processes that use DNA as a template.
Genetic studies in yeast and mice revealed an essential nature of TRRAP and TRRAP-containing HATs. Mutation of the gene in yeast showed that Tra1 is essential for cell viability and gene-specific transcription (Saleh et al., 1998; Brown et al., 2001) . Disruption of Trrap (the murine homolog of TRRAP) in mice by genetargeting approach revealed its essential function in embryonic development and cell cycle control (Herceg et al., 2001; Li et al., 2004) . Recent biochemical and genetic studies in different model organisms have begun to unravel biological functions of TRRAP and TRRAPcontaining HATs and provided important mechanistic insights. In this review, we focus on recent developments regarding the functions of TRRAP and TRRAPcontaining HAT complexes in chromatin-based processes. We also discuss the implications from the recent findings regarding the process of tumorigenesis. Readers are also directed to several excellent reviews on different aspects of histone acetylation and HATs Kouzarides, 2000; Cheung et al., 2000a, b; Carrozza et al., 2003; Kurdistani and Grunstein, 2003; Yang, 2004; Squatrito et al., 2006) .
TRRAP is conserved in evolution
TRRAP is highly conserved in evolution and homologous have been found in many species (Figure 1 ). TRRAP homologs include Trrap in Mus musculus , Tra1 in Saccharomyces cerevisiae (Grant et al., 1998) , trr-1 in Caenorhabditis elegans (Ceol and Horvitz, 2004) and Nipped-A in Drosophila melanogaster (Myster et al., 2004) . TRRAP homolog in plant Arabidopsis thaliana has also been identified . TRRAP has a bipartite nuclear localization signal at 2029-2046, which makes it almost exclusively localized in the nucleus (Finkbeiner and Herceg, unpublished data) . It also includes two tetratricopeptide repeat (TPR) motifs located near the C terminus at 2752-2785 and 3088-3121. In general, these motifs have a role in helping the formation of large multisubunits complexes (Sikorski et al., 1990) . In addition, one potential leucine zipper is located at 3403-3424, and may have a role in TRRAP-DNA interaction. The N-terminus region of the protein comprises a-helical motifs known as HEAT (huntingtin, elongation factor 3, a subunit of protein phosphatase 2A and TOR1) repeats that are likely to be critical sites for protein-protein interactions (Perry et al., 2004) . Eight LXXLL motifs, usually found in transcriptional coactivators (Heery et al., 1997; Torchia et al., 1997) , are distributed over this region. These motifs may also be important for the interaction between TRRAP and nuclear receptors. The extreme N terminal is a proline-rich region. TRRAP contains Armadillo-like motifs that span a large area of the TRRAP N terminal (codons 61-1067 and 1231-1476 according to InterPro database; http://www.genecards.
TRRAP is a member of ATM superfamily TRRAP is a member of the highly conserved family of protein kinases termed phosphatidylinositol (PI) 3-kinase-related kinase (PIKK) discovered in the mid1990s (Hunter, 1995) . These kinases are related to the PI3-kinase (PIK) family and are the main players in DNA damage detection and signaling. The mammalian members of this family include the Ataxia-telangiectasia mutated (ATM), the Ataxia-telangiectasia related (ATR), the suppressor of morphogenesis in genitalia-1 (SMG-1), the mammalian TOR protein (mTOR/FRAP) and the DNA-dependent protein kinase catalytic subunit (DNA-PKcs) (Keith and Schreiber, 1995 TRRAP is a true member of the ATM superfamily as it contains PIK-like, FAT and FATC domains. Note the presence, in the N-terminus part of HEAT repeats, prolinerich domain, NLS and eight LXXLL motifs represented by black bars. In addition, TRRAP contains two tetratricopeptide repeat domains and one potential leucine zipper. TRRAP, TRansformation/tRanscription domain-Associated Protein; ATM, Ataxiatelangiectasia mutated; PIK, phosphatidylinositol 3-kinase; HEAT, huntingtin, elongation factor 3, a subunit of protein phosphatase 2A and TOR1.
TRRAP and chromatin-based processes R Murr et al highly conserved 300 amino acid motif in its C terminus that resembles the catalytic domain of PI3-kinases ( Figure 2 ). This PI3-kinase-like domain is flanked by two loosely conserved stretches of amino acids termed FAT (FRAP, ATM and TRRAP) domain that spans approximately 500 amino acids and FATC (FRAP, ATM and TRRAP, C terminus) domain of only 35 amino acids at the extreme C terminus (Bosotti et al., 2000; Shiloh, 2003; Abraham, 2004) . The exact function of the FAT domain remains unclear, whereas the FATC domain appears to be critical for the kinase activity of the proteins of the PIKK family.
The identification of TRRAP was a fascinating addition to the PIKK family and raised questions about the role of conserved domains of the PIKK proteins. TRRAP protein is a true member of the ATM family since it possesses the FAT, PI3-kinase-like and FATC domains; however, it lacks the conserved amino acids required for ATP binding and catalytic activity for phosphate transfer. As a result, TRRAP does not appear to possess kinase activity Saleh et al., 1998; Vassilev et al., 1998) . Therefore, one may hypothesize that TRRAP may have risen in evolution as a specialized PIKK member to serve as an adaptor/scaffold for protein-protein interaction and multiprotein assemblies or as a platform for recruitment of different regulatory factors and complexes to chromatin.
ATM, ATR and DNA-PKcs are key transducers in stress signaling, particularly activated in response to distinct types of DNA damage (IR, UV and other genotoxic stress) (Shiloh, 2003) . The ATM gene encodes a 370 kDa protein whose response to DNA DSBs is marked by an increased kinase activity leading to a rapid phosphorylation of many downstream substrates responsible for signaling and repair of DNA damage (Canman et al., 1998) . A few years ago, it was found that ATM molecules form inactive dimers in undamaged cells. Each kinase domain is blocked by the FAT domain of the other molecule in the dimer. This FAT domain is autophosphorylated on serine 1981 following DNA damage, inducing subsequent dissociation of ATM dimer into fully active ATM monomers (Bakkenist and Kastan, 2003) .
Interestingly, recent studies suggested that TRRAP, as a part of HAT complexes, may be important for ATM functions including sensing of DNA damage and cell survival (Kamine et al., 1996; Sun et al., 2005) . The FATC domain contains a group of invariant amino acids that constitute a conserved core of this domain between several ATM family members like ATR, DNAPKcs and TRRAP. A study from Price's laboratory showed that the FATC domains of these proteins mediate association to Tip60 (Jiang et al., 2006) . Replacing ATM's FATC domain with FATC domain of ATR, DNA-PKcs or TRRAP restored activation of ATM and its association with Tip60 previously abolished by deletion of the FATC domain of ATM. This indicates that FATC domains of PIKKs are functionally equivalent, an observation further supported by the fact that not only ATM (Sun et al., 2005) , but also TRRAP and DNA-PKcs interact with Tip60 (Park et al., 2001; Jiang et al., 2006) . Studies in our laboratory showed that activation of ATM and phosphorylation of the ATM downstream targets occur normally in TRRAP-depleted cells, suggesting that TRRAP is dispensable for Tip60-mediated acetylation and activation of ATM following DNA damage .
In contrast to the C terminus of TRRAP, the function and potential binding partners of the N-terminus part of TRRAP, which displays the highest level of conservation between species , are largely unknown. Interestingly, Armadillo-like helical motifs, protein domains found in several regulatory molecules (Bienz and Clevers, 2003) , span a large area of the TRRAP N terminus, suggesting that TRRAP may interact with yet-to-be identified partners via its N-terminus domain.
Together, these observations highlight the fact that TRRAP may function in pathways identical to and distinct from those regulated by other members of the ATM superfamily; however, the precise underlying mechanisms remain to be explored in detail.
TRRAP is a common subunit of several HAT complexes
A plethora of studies identified the protein product of TRRAP and its homologues as a shared component of several HAT complexes in eukaryotes, from yeast to humans. TRRAP was found in association with two major HAT families: the general control nonderepressible-related (GCN5) acetyltransferase (GNAT) HAT family and the MOZ, Ybf2/Sas3, Sas2, Tip60-related (MYST) HAT family. TRRAP/Tra1-containing HAT complexes from the GNAT family include SAGA (Spt/Ada/Gcn5/acetyltransferase) (Grant et al., 1998) , SLIK (SAGA-like) (Pray- and SALSA (SAGA altered, Spt8 absent) (Sterner et al., 2002) from yeast. The STAGA (SPT3-TAF II 31-GCN5L acetylase) (Martinez et al., 2001) and TFTC (TATA-binding protein-free) TAF(II) (Brand et al., 1999) are TRRAP, GCN5-and PCAF-(p300/CBP-associated factor) containing complexes in mammalian cells. The NuA4 (nucleosomal acetyltransferase of histone H4) complex and its mammalian equivalent Tip60 are TRRAP/Tra1-containing HAT complexes from the MYST family (Allard et al., 1999; Ikura et al., 2000) . In addition, TRRAP was found to form a complex with BAF53 and this complex has a Tip60-independent HAT activity .
TRRAP-containing HAT complexes differ in their subunit composition, and since they display different substrate specificities it is possible that their distinct composition is responsible for substrate specificity. However, the component(s) in the HAT complexes dictating substrate specificity remains unknown. Given that TRRAP is the only shared element between HAT complexes within the same family and also between different HAT families (GNAT and MYST), TRRAP is likely to play a unique and nonredundant role in these complexes. This idea is supported by elegant studies from Workman's and Green's laboratories demonstrating that TRRAP/Tra1-containing complexes with either histone H3 (SAGA, GCN5, PCAF) or histone H4 (NuA4, Tip60) specificity contact transcription activators exclusively through TRRAP/Tra1 (Brown et al., 2001; Bhaumik et al., 2004) . The TIP49 (Pontin) and TIP48 (Reptin) ATPase/helicase proteins, components of TRRAP-containing Tip60 complex, were found to directly associate with transcription factors such as c-Myc and b-catenin and regulate embryonic development, oncogenic transformation and metastatic potential Etard et al., 2005; Kim et al., 2005) . Given its frequent presence in HAT complexes, TRRAP may also coordinate distinct chromatin-based processes involving HATs and histone acetylation.
Cellular pools of TRRAP
While TRRAP has been mainly associated with HAT complexes, recent studies demonstrated that TRRAP may also exist in non-HAT complexes. TRRAP is a member of p400 complex that also contains the DNA helicases TAP54a/b, actin-like proteins and the human homolog of the Drosophila enhancer of polycomb protein (Fuchs et al., 2001 ). This complex is devoid of HAT activity and rather possesses an ATP-dependent remodeling activity. TRRAP is also found to associate with the MRN (MRE11-RAD50-NBS1) complex (Robert et al., 2006) , a protein complex involved in DNA DSB repair (van den Bosch et al., 2003) . Interestingly, the TRRAP/MRN complex was shown to be devoid of any HAT activity and to play an important role in the repair of DNA breaks, suggesting that TRRAP may function in protein assemblies during DNA repair. This also suggests that TRRAP may contribute to a given biological process (for example DNA repair) by two or more distinct mechanisms, that is through its participation in both HAT and non-HAT complexes. Finally, it is possible that there exists a free pool of TRRAP in cells. A study of the assembly kinetics of HAT components on the chromatin demonstrated that TRRAP recruitment precedes those of other complex components (Memedula and Belmont, 2003) , suggesting that, at least in some experimental systems and physiological contexts, not only a free pool of TRRAP exists (outside pre-assembled HAT complexes), but also that HAT complexes may assemble in a stepwise manner on the promoter.
Many studies revealed that TRRAP, either alone or as a part of protein complexes, interacts with a number of cellular factors involved in transcriptional regulation, DNA repair and DNA damage response ( Figure 3 ). These include c-Myc, p53, E2F1, E2F4, E1A, ERa, ERb, VDR, PPARg, LXR, FXR, b-catenin, Skp1 and BRCA1 Lang et al., 2001; Park et al., 2001; Ard et al., 2002; Yanagisawa et al., 2002; Lang and Hearing, 2003; Unno et al., 2005; Cheng et al., 2006; Oishi et al., 2006; Sierra et al., 2006; Finkbeiner and Herceg, unpublished results) . Interestingly, the TRRAP domains that interact with diverse partners are not overlapping and it can be speculated that TRRAP may serve not only as a scaffold for HAT complexes but also as a platform for recruitment of different regulatory factors and complexes to chromatin. In this scenario, TRRAP may be a key player in orchestrating different chromatin-based processes according to the changing needs of a cell.
Essential function of TRRAP in embryonic development
While biochemical studies have provided information on the structural properties and functions of HATs and other chromatin-modifying complexes, genetic studies in Figure 3 Protein domains and interacting partners of TRRAP. b-Catenin was found to directly interact with TRRAP; however, protein domain of TRRAP that is responsible for this interaction has not been identified. TRRAP, TRansformation/tRanscription domain-Associated Protein.
TRRAP and chromatin-based processes R Murr et al mice have begun to evaluate biological importance of these factors in vivo. However, these studies are somewhat hampered by the essential nature of some HATs, inactivation of which may result in embryonic lethality. The studies in yeast and mammals showed that disruption of either the Tra1 or TRRAP genes is incompatible with viability in cells and leads to early embryonic lethality in mice (Saleh et al., 1998; Herceg et al., 2001) . Similarly, loss of function mutations in trr1 gene of C. elegans cause developmental defect (Ceol and Horvitz, 2004) . In addition, a genetic study in Drosophila showed that Nipped-A plays a role in Notch signaling and wing development (Gause et al., 2006) . These studies provide evidence that TRRAP/Tra1/trr1/ Nipped-A plays an essential role in development, although its involvement in different pathways during embryogenesis remains to be elucidated. Because TRRAP is highly conserved through evolution Vassilev et al., 1998) and given structural and functional conservation of TRRAP-containing HAT complexes from yeast to humans (Doyon et al., 2004) , it is likely that TRRAP regulates the same pathways and processes during development in different organisms across the evolutionary tree.
By using an inducible system to delete Trrap in cultured mouse embryonic fibroblasts (MEFs), the function of Trrap in transcription regulation, cell cycle progression and mitosis has been defined (Herceg et al., 2001; Li et al., 2004) . The failure to obtain viable Trrap null ES cells, proliferation defect in Trrap-deficient blastocysts and the peri-implantation lethality in mice are the results of a cell-autonomous failure of Trrap-null cells, indicating that Trrap is essential for early development and maintenance of clonogenicity and/or viability of embryonic stem cells (Herceg et al., 2001; Herceg, unpublished results) . The observation that Trrap-null embryos could progress to the blastocyst stage, although they degenerate soon after, is explained by the presence of maternal Trrap protein during the first few cell divisions of embryogenesis. In support of this, ES cells originally derived from blastocysts are unable to proliferate upon Trrap deletion (Herceg et al., 2001; Herceg, unpublished results) .
Deletion of TRRAP in MEFs leads to loss of clonogenicity and proliferation arrest without induction of apoptosis. However, it should be noted that this does not rule out that, in other cell types, loss of TRRAP may be incompatible with cell viability and that TRRAP depletion may trigger cell death. Indeed, inactivating mutation of the S. cerevisiae Tra1 leads to the loss of cell viability (Saleh et al., 1998) .
The severe phenotype of Trrap-deficient embryos and cells raises the question on the contribution of different TRRAP-dependent processes to the TRRAP-deficient phenotype. TRRAP is a common component of several HAT complexes (Carrozza et al., 2003) and interacts with transcription factors c-Myc and E2F . However, deletion of any single TRRAPinteracting player (such as individual HAT enzyme, c-Myc or E2F) leads to embryonic lethality at only later embryonic stage (c-Myc at E10.5; Gcn5 at E-10.5) (Davis et al., 1993; Xu et al., 2000; Lin and Dent, 2006) or is fully compatible with embryonic development (PCAF; E2F1) (Field et al., 1996; Yamauchi et al., 2000) . Consistent with full or partial redundancy of different HATs, genetic deletion of multiple HATs in mice, for example double knockout of Gcn5 and Pcaf, shows more severe defects than individual knockouts (Xu et al., 2000; Yamauchi et al., 2000) . This indicates that, in contrast to TRRAP, HATs have overlapping functions in cellular processes during embryogenesis. Therefore, TRRAP plays a more general role in cellular functions than its partners involved in transcriptional regulation including c-Myc and E2F1 or individual HATs.
The components of MRN complex including NBS1, an interacting partner of TRRAP (Robert et al., 2006) , are essential in development and inactivation of either component of the complex in mice leads to early embryonic lethality (Xiao and Weaver, 1997; Luo et al., 1999; Zhu et al., 2001; Dumon-Jones et al., 2003; Frappart et al., 2005) , reminiscent of Trrap null phenotype. It is possible that abrogated function of MRN in Trrap-deficient embryos and cells may be responsible for embryonic lethality and loss of cell viability, although such possibility requires experimental evidence. Nevertheless, these studies suggest that the role of TRRAP in several HAT complexes is nonredundant with its role in association with proteins and protein complexes other than HATs (such as MRN complex) and that the lethal phenotype is a sum result of defects in multiple processes dependent on TRRAP. This also suggests that TRRAP may be one of the major coordinators of transcription, DNA repair and cell cycle progression as well as other chromatin-based processes, likely through its participation in different HATs and non-HAT complexes (Figure 4) . The in vivo models that circumvent embryonic lethality and allow Trrap and other HAT components to be deleted in a temporalspatial manner in specific tissues and embryonic stages will be instrumental in studying functions of TRRAP/ HAT and histone acetylation in biological processes and diseases.
Role of TRRAP in coordination of chromatin-based processes
Covalent modifications of histone tails by acetylation is now considered to be important for all cellular processes which require access to DNA template, including transcription, DNA repair and replication Carrozza et al., 2003; Loizou et al., 2006) . Here we summarize the role of TRRAP-dependent acetylation in these processes and try to discuss how the same basic mechanism involving HATs and histone acetylation can regulate and coordinate different cellular processes ( Figure 5 ).
Transcription
The 'traditional' role of histone acetylation is transcription regulation. Acetylation of lysines within histone tails was initially associated with the activation of transcription. The first evidence showing the involvement of HATs in transcription dates back to 1964 when it was observed that chromatin regions of actively transcribed genes tend to have hyperacetylated histones (Allfrey et al., 1964) . The addition of acetyl groups to histone tails was proposed to neutralize the histone charge, which weakens histone-DNA interaction, relaxing the chromatin structure and facilitating the access of transcription machinery (Workman and Kingston, 1998) . In addition, two other mechanisms by which histone acetylation facilitates transcription have been proposed. Firstly, there is evidence that histone acetylation may serve as specific docking site for the recruitment of transcription regulators (Dhalluin et al., 1999; Owen et al., 2000; Hassan et al., 2002; de la Cruz et al., 2005) . Secondly, histone acetylation may also act in combination with other histone modifications (methylation, phosphorylation and ubiquitination) to form the 'histone code' that dictates biological outcomes including gene transcription (Strahl and Allis, 2000; Jenuwein and Allis, 2001) . These three models are not mutually exclusive and different acetylation-based mechanisms may coexist depending on the physiological context.
HAT complexes from both GNAT and MYST families were shown to be recruited to activator-bound nucleosomes resulting in transcriptional activation (Brownell et al., 1996; Vignali et al., 2000; Utley et al., 2005) . The recruitment of SAGA leads to acetylation of promoter-proximal H3, whereas recruitment of NuA4 results in a broader domain of H4 acetylation (>3 kbp) (Vignali et al., 2000) . This hyperacetylation of histones was linked to transcription activation (Nourani et al., 2001) and NuA4-dependent acetylation of histone H4 was shown to affect transcription of specific genes such as His4, Lys2 (Galarneau et al., 2000) , ribosomal proteins and heat-shock proteins (Reid et al., 2000) . Arabi et al. (2005) have shown that TRRAP is recruited by c-Myc to the promoters of Pol I transcribed genes. The recruitment of TRRAP leads to an increased histone aceylation, followed by recruitment of RNA polymerase I and activation of rDNA transcription. How are HATs recruited to their target promoters? Biochemical studies revealed that TRRAP/Tra1, the only common component of many HAT complexes, mediates the targeting of these complexes to promoters (Brown et al., 2001; Bhaumik et al., 2004) (Figure 4) . Direct interaction between several activators and Tra1 was demonstrated in yeast and this interaction is essential for efficient transcriptional activation (Brown et al., 2001) . GNAT complexes are recruited to promoters through the TRRAP subunit leading to the interaction with transcription factors like c-Myc and E2F and activation of transcription (McMahon et al., 1998; Bouchard et al., 2001; Frank et al., 2001) . In mammals, TRRAP has also been implicated in the regulation of transcription. For instance, TRRAP activates the transcription of target genes through the recruitment of Tip60 and Gcn5/PCAF to their promoters, thus acetylating histones H4 and H3, respectively (Herceg et al., 2003; Li et al., 2004) (Figure 5 ). TRRAPmediated transcriptional activation is particularly important for a rapid transcriptional reprogramming such as that occurring during cell cycle transitions. This is exemplified by the critical role of TRRAP in normal mitotic progression and functional mitotic checkpoint, where TRRAP-mediated transcription regulation of the mitotic checkpoint genes Mad1 and Mad2 is required for normal chromosomal segregation and the maintenance of euploidy (Li et al., 2004) . The mechanism underlying the maintenance of the mitotic checkpoint integrity involves TRRAP-mediated regulation of Mad1 and Mad2 expression through coordinated HAT recruitment and histone acetylation at their promoters. Because TRRAP is shared between several HAT complexes exhibiting different histone preference, one of the major roles of TRRAP may be 'division of labor' among different HAT complexes. 
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Acetyl group Phospho group Figure 5 Role of TRRAP/HATs in transcription regulation and DNA repair. DNA is packaged into chromatin, a highly compacted structure, which represents an impediment for chromatin-based processes. (a) HAT complexes acetylate histones H3 and H4 allowing relaxation of the chromatin structure, hence facilitating the recruitment of the transcriptional machinery (T.M.), leading to transcription activation. (b) Role of TRRAP/HATs in DSB repair. DSBs can be repaired by either HR or NHEJ. DNA breaks are detected by DNA damage detectors, which are recruited to the breaks and phosphorylate histone H2AX. Phosphorylation of H2AX (gH2AX) is followed by the recruitment of TRRAP/HAT complex. Whether these complexes are preassembled or whether they are formed on the chromatin is not known. Recruitment of additional HATs and chromatin remodelers may lead to further relaxation of chromatin fiber, facilitating the recruitment of DNA repair factors. During the repair by NHEJ pathway, TRRAP/MRN complex may be recruited to DSBs in parallel, or even before the recruitment of detectors. During HR repair, in addition to the acetylation of histones around the break, TRRAP/HATs may also acetylate histones at the homologous region on sister chromatid. TRRAP, TRansformation/tRanscription domain-Associated Protein; HATs, histone acetyltransferases; DSB, double-strand break; HR, homologous recombination; NHEJ, nonhomologous end joining.
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One important question concerns the function of acetylation of individual lysine residues on histone tails. There are several acetylatable lysines on N-terminus tail of core histones. For example, histone H4 tail contains sites of acetylation at lysines 5, 8, 12 and 16, whereas histone H3 contains acetylatable lysines 9, 14, 18, 23 and 27. Direct measurement of endogeneous levels of acetylation at individual lysine residues within the N-terminus tail of histone H4 revealed that acetylation of histone H4 lysine 16 (H4K16Ac) is a prevalent acetylation of yeast histone H4 (Smith et al., 2003) . Interestingly, the recent work from the Peterson's laboratory demonstrated that the incorporation of H4K16Ac into nucleosomal arrays impedes the formation of compacted chromatin fibers and prevents the ATP-mediated chromatin remodeling factors from mediating nucleosome sliding (Shogren-Knaak et al., 2006) . These results indicate that a specific lysine acetylation may both modulate higher order chromatin structure (ShogrenKnaak et al., 2006) and regulate gene transcription (Akhtar and Becker, 2000) . It would be of interest to investigate the contribution of other acetylated lysines to chromatin decondensation and the establishment of transcriptionally active euchromatic regions.
While a number of studies have provided strong evidence that TRRAP is essential for HAT recruitment to and acetylation of chromatin at target promoters (Carrozza et al., 2003; Herceg and Wang, 2005) , the precise order of events and dependencies during transcriptional activation remains poorly understood. Interestingly, a study on the kinetics of the assembly of HAT components on the chromatin demonstrated that TRRAP is recruited before the other subunits of HAT complexes (Memedula and Belmont, 2003) , suggesting that HAT complex may assemble in a step-wise and TRRAP-dependent manner on the promoter.
DNA repair
DSBs, lesions considered as the most dangerous for genomic integrity and cell viability, are continuously produced during the life of a cell. Two major types of DSB repair, homologous recombination (HR) and nonhomologous end joining (NHEJ), have evolved to deal with this constant threat (Hoeijmakers, 2001; Valerie and Povirk, 2003) . DNA breaks occur randomly within genomic DNA and those occurring in compacted chromatin are inaccessible to DNA repair factors. In addition, nucleosomes themselves represent an obstacle to protein binding because a region of DNA is occluded due to steric hindrance by the histone octamer surface (Khorasanizadeh, 2004) . A plethora of recent studies demonstrate that HAT complexes play important roles in DNA DSB repair and the mechanism appears to be similar to that underlying transcriptional activation (Peterson and Cote, 2004; Thiriet and Hayes, 2005; van Attikum and Gasser, 2005b; Loizou et al., 2006) .
Early work by Smerdon et al. (1982) showed that treatment of human cells by histone deacetylase inhibitor, and presumably alleviation of compacted chromatin structure, resulted in enhanced DNA repair after UV irradiation, suggesting a role for histone acetylation in DNA repair. The essential role of the acetylation of histone H4 lysines and its importance in maintaining the genome integrity came from three studies in the early 1990s. These studies showed that cells bearing several different mutations in the N termini of histone H4 exhibit cell cycle arrest at G 2 /M phase and compromised genomic stability (Megee et al., 1990 (Megee et al., , 1995 Durrin et al., 1991; Morgan et al., 1991) . However, one of the first evidences of the involvement of histone acetylation in DNA repair was provided by Nakatani and collaborators who showed that Tip60 HAT was involved in DNA repair and that mutations in the acetylase activity of Tip60 resulted in cells with deficient DNA repair (Ikura et al., 2000) . These findings were confirmed by a study showing that mutations in the N-terminus tail of histone H4 in yeast lead to increased sensitivity to DNA-damaging agents (Bird et al., 2002) . Subsequently, a number of studies implicated HATs and histone acetylation in DNA repair. TFTC complex containing GCN5 HAT was found to preferentially bind UV-irradiated DNA and to acetylate histone H3 in nucleosomes assembled on UV-damaged DNA (Brand et al., 2001) . These findings were supported by studies showing that STAGA, another GCN5-containing complex, interacts with UV-damaged-DNA-binding protein involved in the repair of DNA single-strand breaks (Martinez et al., 2001) and that NuA4 participates in NHEJ repair by specific recruitment to DNA DSBs (Bird et al., 2002) . In addition, mutations in Yng2, a component of NuA4 complex, result in inefficient repair of DNA damage caused by genotoxic agents that induce replication fork stall, consistent with the role of Tip60/ NuA4 in HR (Choy and Kron, 2002) . Finally, mutations in either H3 histone tails or HAT1 acetyltransferase in yeast resulted in hypersensitivity to DSB-inducing agents (Qin and Parthun, 2002) .
Several recent studies started to unravel the mechanisms underlying the involvement of HATs and histone acetylation in DNA repair. These studies demonstrated the requirement of histone H2AX phosphorylation around DNA breaks that may be recognized by different factors including chromatin-modifying and -remodeling complexes (van Attikum and Gasser, 2005a, b) . Interestingly, H2AX phosphorylation is not essential for the initial recruitment of repair factors, but for their accumulation around the breaks (Celeste et al., 2003) . Downs et al. (2004) demonstrated that NuA4 HAT complex is recruited to the sites of DNA breaks through interaction between its subunit Arp4 and phospho-Ser129 of histone H2A. We have demonstrated that the Tip60 complex is recruited to sites of DNA breaks in a TRRAP-dependent manner and this was accompanied by hyperacetylation of histone H4. Hyperacetylated histones appear to promote the unwinding of the chromatin structure thus facilitating the access of repair factors .
Mechanistic insights from various studies have provided evidences that the MRN complex and ATM recruitment to sites of DNA breaks is the earliest event after the induction of DSB. Subsequent phosphorylation of histone H2AX precedes and is likely required for the recruitment/retention of the TRRAP/TIP60 HAT complex and for histone acetylation around the break site. Histone acetylation appears to lead to relaxation of chromatin facilitating the recruitment of both chromatin remodeling complexes (Downs et al., 2004; Morrison et al., 2004; van Attikum et al., 2004) and DNA repair proteins (Downs et al., 2004; Murr et al., 2006) (Figure 5) . It is also possible that acetylated histones in the chromatin around DNA lesions may serve as docking sites for DNA repair proteins. Following DNA repair, acetyl marks may be removed (deacetylation) by the action of histone deacetylases. Although such a possibility awaits experimental proof, histone deacetylases were shown to be required for efficient DNA repair (Jazayeri et al., 2004; Tamburini and Tyler, 2005) . In addition, it was shown that histone H3 and H4 were acetylated during homology-directed repair and that deacetylation occurs after DNA repair is completed (Tamburini and Tyler, 2005) . This observation was confirmed by the kinetic studies from Cote's laboratory showing that deacetylation of histone H4 by Rpd3 occurs post-repair (Utley et al., 2005) . Analogous mechanisms have been reported for DNA breakinduced phosphorylated histones, where dephosphorylation of gH2AX is mediated by Pph3 and PP2A (Chowdhury et al., 2005; Keogh et al., 2006) . Interesting work from Workman's laboratory indicated that, at least in Drosophila melanogaster, exchange of DNA break-associated phosphorylated H2Av, the homolog of mammalian H2AX, requires prior acetylation by the dTip60 complex containing Nipped-A (Kusch et al., 2004) . It would be of interest to test if such mechanism operates in species other than in flies.
Replication
Although the role of chromatin modifications in replication is still poorly understood, recent studies provide evidence that post-translational chromatin modifications can control the efficiency and/or timing of replication origin activity (Vogelauer et al., 2002; Zhang et al., 2002; Kurdistani and Grunstein, 2003; Lin et al., 2003; Perry et al., 2004; Azuara et al., 2006) . In yeast, histone acetylation in the vicinity of replication origin is an important determinant of replication timing and it appears that higher level of histone acetylation coincides with earlier firing of an origin (Vogelauer et al., 2002) . However, the role of acetylation in replication timing may not be limited to yeast. In human cells, histone acetylation has been correlated with replication timing (Cimbora et al., 2000) , and HBO1 HAT (Iizuka and Stillman, 1999) , associates with components of the replication machinery (Burke et al., 2001) . This was confirmed by a study showing that histones are hyperacetylated at the active origins of replication and that this coincides with binding of the origin recognition complex (Aggarwal and Calvi, 2004) . However, the mechanism by which histone acetylation affects the time of firing is not understood. One hypothesis is that histone acetylation enhances nucleosome mobility in the chromatin that encompasses the replication origin leading to increased access of replication factors at an origin of replication. Alternatively, acetylation of histone tails might serve as a docking site for earlier recruitment of replication factors to nucleosomes surrounding an origin, leading to its advanced firing. This hypothesis is supported by a study showing that HBO1 regulates the replication initiation by positively regulating the assembly of the pre-replicative complex (Iizuka et al., 2006) . Through biochemical characterization of the human ING-associated protein complexes, Cote's group found that ING5-containing HBO1 complex associates with the MCM helicase and is essential for DNA replication in human cells (Doyon et al., 2006) . These results demonstrate that HATs and histone acetylation play a critical role in DNA replication. Interestingly, HBO1 HAT, similar to TIP60, is able to acetylate all four lysines in histone H4 tail, although it localizes differently from Tip60 HAT (Doyon et al., 2006) , suggesting that certain HATs may be more important in replication than in other chromatin-based processes such as transcription. In addition, a correlation between histone acetylation, transcriptional competence and DNA replication timing was also found in several studies using cells with different levels of pluripotency (Vogelauer et al., 2002; Zhang et al., 2002; Lin et al., 2003; Perry et al., 2004; Azuara et al., 2006) . Different chromatin-based processes including transcription, replication and DNA repair require an open chromatin structure and are mediated by TRRAPcontaining HAT complexes, indicating that these chromatin modifiers regulate distinct and often conflicting processes. Although the experimental evidence for the coordination of these processes is still scarce, there are reasons to believe in its existence. For example, DNA breaks in actively transcribed loci or regions undergoing replication may represent a danger for genomic integrity and therefore a chromatin state that favors DNA repair and suppresses replication/transcription is required. If such coordination does exist, one can imagine two plausible mechanisms by which it may be achieved. First, chromatin-based processes may compete for limited pool of TRRAP-containing HAT complexes, therefore induction of DNA breaks and activation of the repair process may 'engage' and titrate out these modifiers preventing their use by the competing processes (that is, gene transcription and DNA replication) resulting in their slow down or arrest. In other words, early interaction of TRRAP/HATs with DNA repair factors (MRN complex) would prevent, in a stochiometrical fashion, their interaction with transcription factors. Alternatively, the presence of DNA breaks and activation of the DNA damage cascade may rapidly alter higher-order chromatin structure, such as DSB-induced presentation of methylated lysine 79 of histone H3 (Huyen et al., 2004) , which may favor binding of TRRAP-containing HAT complexes around DNA breaks while preventing its binding to chromatin at transcriptionally active or replicating regions.
Possible roles of TRRAP in human malignancies
TRRAP and HATs play important roles in critical cellular processes including gene transcription, replication and DNA repair. In addition, TRRAP either in association with HATs or in non-HAT complexes participates in regulation of several pathways that are critical for cell cycle control (Figure 4) . Therefore, deregulation of TRRAP/HAT and histone acetylation may be expected to affect not only chromatin-based processes but also cell cycle progression leading to abnormal proliferation and cancer development. Several lines of evidence implicate TRRAP in oncogenic process. TRRAP interacts with c-Myc and E2F, oncogenic transcription factors frequently deregulated in human cancers, and this interaction is important for oncogenic transformation mediated by c-Myc and E2F . Similarly, the viral oncoprotein E1A targets TRRAP, an event that appears to be important for the transforming activity of E1A (Deleu et al., 2001; Kulesza et al., 2002) . TRRAP is a binding partner of p53 and it may be important for posttranslational modification (acetylation) of the tumor suppressor Liu et al., 1999; Sykes et al., 2006; Tang et al., 2006) but also for the function of p53 on its target genes (Barlev et al., 2001; Ard et al., 2002) . TRRAP also mediates the transcription of key regulators of the cell cycle and genome integrity (Bouchard et al., 2001; Frank et al., 2001; Herceg et al., 2003; Li et al., 2004) , as well as DNA repair through either the recruitment of HATs to chromatin or interaction with DNA repair proteins (Robert et al., 2006) . Furthermore, the activation of a silent telomerase reverse transcriptase (TERT) gene in primary human cells requires chromatin-modifying activity by TRRAP (Nikiforov et al., 2002) , although the importance of TRRAP and histone acetylation at the TERT promoter and telomere function is presently unknown.
TRRAP is also a direct interactant of BRCA1 (Oishi et al., 2006) , a tumor suppressor gene, mutations of which predispose women to breast and ovarian cancers. Interestingly, BRCA1 mutations found in breast cancer patients abrogate interaction with TRRAP and impair transactivation function of BRCA1 (Oishi et al., 2006) , suggesting that the loss of interaction between TRRAP and BRCA1 may abrogate normal function of the tumor suppressor leading to an increased susceptibility to cancer.
Two recent studies using array-based comparative genomic hybridization implicated genetic changes in TRRAP gene in human cancer. These studies revealed that the TRRAP locus at chromosome 7q22.1 is amplified in human cancer cell lines (Bashyam et al., 2005) and human pancreatic adenocarcinoma (Loukopoulos et al., 2007) . In addition, few mutational screens in a limited number of human cancers identified somatic mutations in TRRAP gene in several human malignancies including cancers of ovaries, stomach, large intestine and lung (Cosmic database; www.sanger.ac.uk/ genetics/CGP/cosmic/). TRRAP was shown to interact with b-catenin (Feng et al., 2003; Sierra et al., 2006) and is involved in the destruction of b-catenin and regulation of the canonical Wnt pathway (Finkbeiner and Herceg, in preparation) . As the Wnt pathway is frequently deregulated in human cancers (Polakis, 2000; Clevers, 2006) , it is expected that aberrant function of TRRAP in degradation of b-catenin and in regulation of the Wnt pathway may contribute to tumor development. Furthermore, TIP60 HAT complex antagonizes the repressive actions of b-catenin on the metastasis suppressor gene KAI1 in a model of prostate cancer metastatic transition . Therefore, TRRAP/TIP60 may function to suppress the acquisition of metastatic potential, and this function may be abrogated during tumor progression.
Given its role in regulation of key cancer-associated genes and pathways, it is expected that mutations or deregulation of TRRAP may trigger abnormal events leading to malignant process. Because TRRAP is an essential gene, one could expect to find mutations that abrogate certain functions of this protein, while sparing critical functions for viability and proliferation. However, further studies are needed to establish to what extent the TRRAP gene is mutated and its functions deregulated in human cancers.
Concluding remarks and perspectives
In recent years, there has been a surge of interest in the field of chromatin research, owing to a number of landmark discoveries and emerging concepts in the field that have provided key insights for better understanding of the normal biological processes and abnormal events leading to tumorigenesis. Biochemical and genetic studies on chromatin modifications and chromatinmodifying factors revealed that HATs and histone acetylation regulate various cellular processes including gene transcription, DNA replication and DNA repair.
The HAT cofactor TRRAP has been studied primarily in the context of HAT complexes and transcriptional regulation. A number of studies showed that TRRAP is a common component of many HAT complexes in yeast and mammals and that it interacts with different DNAbinding factors allowing recruitment of HAT complexes and histone acetylation at gene promoters. This model is based on either protein interaction studies or inferred from different indirect experiments; however, it remains unclear whether TRRAP participates in cellular processes exclusively as a part of pre-assembled HAT complexes. While most studies on the HAT recruitment to chromatin suggested a model in which TRRAP, present in pre-assembled HAT complex, is recruited to chromatin at target promoters, one study provided evidence that there exists a free pool of TRRAP and that recruitment of TRRAP to chromatin precedes the assembly of HAT components on chromatin which takes place in a step-wise fashion (Memedula and Belmont, 2003) . Therefore, the precise mechanism by which TRRAP and TRRAP-mediated histone acetylation facilitate transcription remains elusive. It is also unclear if TRRAP/HAT-mediated histone acetylation facilitates gene transcription by simply decondensing chromatin or by providing anchoring platforms for transcription players.
There are also unresolved issues regarding the role of TRRAP-mediated acetylation of non-histone proteins. For example, TRRAP mediates acetylation of several key cancer-associated gene products such as p53, although the precise biological significance of this acetylation remains to be established. In addition, accumulating evidence suggests that TRRAP may be deregulated in human malignancies; however, the precise contribution to cancer that is attributable to defects in TRRAP-mediated processes remains to be established. The development of knockout mice has revealed that TRRAP is essential for normal development and cell proliferation. The 'conditional' knockout approach that circumvents the problem of embryonic lethality and enables the deletion of TRRAP in specific tissues may prove useful in studying biological importance of TRRAP and histone acetylation in development, tissue homeostasis and tumorigenesis.
In summary, a remarkable progress has been made in the field to extend the knowledge on TRRAP and histone acetylation. The mechanisms by which TRRAP and HATs regulate and coordinate different cellular processes in a highly dynamic chromatin and thus orchestrate cell fate decisions are beginning to emerge. Future studies are likely to provide important insights into the function of TRRAP and HATs and the mechanisms by which these complexes mediate normal cellular processes and abnormal events leading to tumor development. Aberrant HAT activity and histone acetylation proved to be attractive molecular targets for therapeutic intervention in cancer. This is highlighted by the fact that a number of drugs that target histone acetylation (HDAC inhibitors) are in clinical trials (Marks et al., 2004) , and that the first HDAC inhibitor (Zolinza, vorinostat) has recently been approved by the US Food and Drug Administration for treatment of cutaneous T-cell lymphoma. Therefore, the information obtained from future studies will contribute to the understanding of chromatin modifications underlying the transition from normal to malignant cells and may help in designing novel therapeutic strategies.
